Introduction
Various treatment modalities can be used to treat proximal tibial fractures. Nonoperative treatment with traction, casts or braces has been reported to produce good results in selected cases, but complications such as loss of reduction, prolonged hospital stay and poor functional outcome can be expected. Consequently, the nonoperative treatment option is limited to minimally or undisplaced fractures without major soft-tissue or neurovascular injury that are generally considered stable [1] . Arthroscopically assisted fixation and minimal percutaneous pinning have also been reported to give good results, but these modalities are suitable for simple split-depression and local compression fractures [2] . For decades, open reduction and internal fixation with plates has been the treatment of choice, especially for fractures with intraarticular extension. However, this treatment modality often requires invasive exposure of the fracture zone, which may endanger surrounding soft tissues, thus compromising the biological environment for fracture healing. External fixation with a circular or hybrid external fixator is another effective treatment option, but the problems of nonunion, pin-track infection, septic arthritis, pain, discomfort and joint stiffness cannot be underestimated [3] .
The introduction of the locking-plate technology has offered another alternative to treat proximal tibia fractures. Locked plates, or internal fixators, are designed to achieve an angular-stable connection between the screw head and the force carrier without the necessity of frictional forces between the implant and the bone [4] . Moreover, the technology of minimally invasive percutaneous osteosynthesis (MIPO) can be easily applied. This allows minimum soft-tissue damage at the fracture site, offering all the theoretical advantages of biological osteosynthesis [5] . Recently, locking plates have been designed to have polyaxial technology, thus allowing screw positioning with a variable degree of freedom for fixation. This versatility can be considered as an advantage, allowing for more stable osteosynthesis of highly comminuted or osteoporotic fractures. Even though the polyaxial technology has been used for many years for fixation systems in spinal surgery, its application in plate osteosynthesis is still limited.
In our institutions, we have been using a tibial lockingplate system characterised by polyaxial technology (DePuy, Warsaw, IN, USA). The literature regarding its efficacy for stabilisation of proximal tibial fractures is sparse. The purpose of this study, therefore, was to evaluate a series of proximal tibial fractures treated with a polyaxial locking-plate system in order to document the performance of this new device and to review the clinical and radiological results.
Patients and methods
Between January 2004 and September 2009, all patients treated in our institutions (two level 1 trauma centres in the USA and UK) with polyaxial POLYAX plate (DePuy) technology for proximal tibial fractures were eligible to participate. Exclusion criteria were cases that had been treated by other means of osteosynthesis and patients who were lost to follow-up.
A series of patients included in this report (25 cases) has been described in an earlier study that presented mixed results of the polyaxial locked-plate fixation in periarticular fractures of the knee [6] . Results of this previous work showed that these variable-axis locking plates performed well, with a high rate of fracture union and no evidence of varus collapse due to failure of the polyaxial screw fixation in a combined series of distal femur and proximal tibial fractures. We wanted to further investigate the feasibility of the POLYAX plating technology in a larger series of patients, particularly in relation to proximal tibial fractures. For this reason, we combined the cases treated between the two institutions, as previously described.
All the hospital charts, records and radiographs were retrieved and retrospectively analysed. All patients were treated by two experienced surgeons who were familiar with the principles of the MIPO technique. All fractures were classified according to the Orthopaedic Trauma Association (OTA) system. Patient demographics, cause and pattern of injury, clinical and radiographic data including fracture pattern, changes in alignment, local and systemic complications, hardware failure and time to union were documented and analysed. Preoperatively, besides radiography, computed tomography (CT) scanning was obtained for type B and C fractures. The timing of surgery depended on the soft-tissue conditions. Surgery was delayed if the fractures had established severe soft-tissue swelling and skin blistering. In these cases, a temporary spanning external fixation was used for soft-tissue resuscitation prior to definitive fracture reconstruction.
Surgery was performed under general anaesthesia on a standard radiolucent table. Where possible, MIPO was performed. Double plating (medial and lateral) was used in fractures with a displaced coronal split component of the posterior aspect of the medial tibial plateau. This was the only indication for the use of double plates. Open fractures were treated by emergency débridement, tetanus prophylaxis and intravenous antibiotics. Where necessary, bone autograft or allograft was used for tibial metaphyseal defects. Postoperatively, all patients were given intravenous prophylactic antibiotics and mechanical or/and pharmacological prophylaxis against deep venous thrombosis. Rehabilitation was started on the second postoperative day with static quadriceps excercises and continuous passive motion of the knee joints. Approximately four to six weeks after surgery, partial weight bearing was encouraged. Full weight bearing was not permitted until consolidation of the fracture site. Follow-up routine anteroposterior, lateral, and oblique radiographs were obtained at two, four, eight and then every four weeks until clinical and radiological fracture union had been established. Radiological union was defined as the presence of trabeculation crossing the fracture on radiographs of at least three cortices. Clinical union was defined as the presence of painless full weight bearing. To assess malalignment, radiographs at the latest follow-up were compared with the first postoperative ones. Tibial alignment in both planes was measured by comparing lines drawn along the tibial shaft and parallel to the articular surface. Malalignment was defined as the presence on radiographs of more than 5°angulation in any plane at final last follow-up. Other radiographic indications of loss of reduction, such as a step at the articular surface >2 mm, were also recorded and documented. Functional assessment was performed using the Knee Society criteria and reported as knee scores and function scores. The mean follow-up was 14 (12-36) months.
Results
In total, 60 patients met the inclusion criteria, with a mean age of 52.8 (range 18-86) years. According to the OTA classification, there were five 41-A, 28 41-B and 27 41-C fractures. Seven were open fractures. The majority of patients (54/60) presented with isolated injuries. The mechanism of injury included falls from a height (50%), motor-vehicle accidents (45%) and other causes (assaults) in 5% of cases. Twenty-eight patients required temporary external fixation before the final surgery. From the 60 patients, five were lost to follow-up and therefore 55 patients formed the report of this study. Preoperative patient details are summarised in Table 1. At surgery, 27 patients required bone grafting in the form of croutons, or iliac crest autograft. In eight of them, allograft in combination with growth factors was used. Double plating was performed in 11 patients according to the previously mentioned indications. Overall, the MIPO technique was used in 18 patients, ( Table 2 ).
All fractures but three progressed to union (94.5%). Delayed union was observed in one patient who was a heavy smoker. His fracture healed following treatment with the ultrasound bone healing system (Exogen ®, Smith & Nephew, Memphis, TN, USA) six months following surgery. All other fractures were healed at a mean of 3.2 (range 2.5-5) months. Two fractures that failed to unite were complicated by deep sepsis and required further intervention. Both these patients had bicondylar (OTA type 41 C3) fracture of the tibial plateau. One of them was an insulin-dependent diabetic with severe peripheral neuropathy. He had an early infection and unfortunately required above the knee amputation. The other fracture that failed to unite was that of a 70-year-old woman with an OTA 41B3 fracture. She was treated with a lateral POLYAX plate with no intraoperative complications. Her fracture failed to unite and collapsed. The plate was removed after nine months, and she underwent a total knee replacement (TKR) six months later (Fig. 1 ). The third patient had a Gustilo and Anderson [7] grade 3-A open fracture, and when a deep infection developed, was treated with wound débridement, removal of hardware and eventually osteoarticular allograft reconstruction (Fig. 2) .
One patient required fasciotomies for compartment syndrome, but the fracture finally united uneventfully. One patient had peroneal nerve palsy with foot drop that recovered, and his fracture healed uneventfully with good final outcome. Superficial infection was treated successfully with a short course of antibiotics in two cases. No other complications were recorded. No plate fractured or screw cut-out occurred. Radiographic evaluation at the time of the latest follow-up revealed two cases of lateral joint collapse (>10°). The first patient had an open bicondylar plateau fracture and developed deep sepsis and nonunion. The second patient went to nonunion, fracture collapse and eventually plate removal and TKR. There was no evidence of varus collapse as a result of polyaxial screw failure in any patient. The mean Knee Society Score at the time of the latest follow-up was 91 (59-100) points, and the mean functional score was 89 (54-100) points. Postoperative complications and outcome are summarised in Table 3 .
Discussion
For many years, treating proximal tibial fractures has been the subject of much controversy regarding both the indications for surgical intervention and the specific type of intervention to be employed. These fractures often affect patients during the most productive years of their lives, with potentially devastating consequences. Especially in intra-articular fractures, inadequate treatment may result in joint instability and deformity coupled with a restricted range of motion [8, 9] . Open reduction and rigid internal fixation, according to the principles of Association for Osteosynthesis/Association for the Study of Internal Fixation (AO/ASIF), has been the treatment of choice for decades. This treatment modality has yielded satisfactory short-and long-term results in many series. However, especially in the setting of high-energy, complex tibialplateau fractures, conventional plating has been associated with a high rate of wound complications and deep sepsis [10] . In these cases, excessive dissection through the injured soft-tissue envelope and devitalisation of bone fragments are known factors contributing to the development of such complications. Additionally, conventionalplate osteosynthesis requires compression of the plate to the bone and relies on friction at the bone-plate interface. This is inevitably associated with biological pitfalls associated with compression of periosteal blood supply and compromise of the vascularity of the fracture. As a result, complications such as infection, hardware failure, delayed union and nonunion are more likely to occur. Recently, locking plates, or internal fixators, have been designed to allow for less plate to bone contact without compromising stability. The screw holes are modified to allow the screw to "lock" into the plate, thus converting a plate/screw construction into a fixed-angle device with multiple points of fixation [11] . This design allows for minimal vascular damage to the periosteum. Moreover, locking plates can be particularly effective in treating osteoporotic bones [12] . The evolution of locking-plate technology has led to newly designed, anatomically preshaped plates for different fractures, such as proximal humerus, proximal and distal femur and proximal and distal tibia [13] . These plates are also designed to enhance the surgeon's ability to pass the plate in a submuscular or subcutaneous manner for minimally invasive application [13] .
Previous series of proximal tibia fractures treated with locking plates have shown good results with low complication rates [14] . Table 4 summarises some of the published series of patients with proximal tibia fracture treated with the locking-plate technology as well as the reported major complications. Union rate ranged between 80% and 100% (mean 93.4%). In contrast to those results, Phisitkul et al. [15] reported a higher rate of complications and pitfalls. In a retrospective review of 43 adult patients with complex fractures of the proximal tibia (35 were intra-articular and 18 of those were comminuted C3 fractures) treated with a fixed-angle locking plate [less invasive stabilisation system (LISS)] placed on the lateral side of the proximal tibia, the authors reported that only 32% of the fractures healed without complications. Gosling et al. [16] , in a multicentre study, prospectively followed a case series of 68 patients with 69 AO/ASIF 41-C-type fractures treated with the LISS for the proximal lateral tibia. Sixty-two of these patients were available for final follow-up: 25% had postoperative radiographs that revealed malreduction, 14% of fractures had secondary loss of reduction and 5% did not achieve union. More recently, Jiang et al. [17] , in a prospective study, compared the clinical outcomes of conventional double plating and a single lateral LISS for the repair of bicondylar tibial plateau fractures. They found significantly higher incidence of postoperative malalignment of the proximal tibia, and a trend towards significance of a higher incidence of symptomatic hardware irritation in the LISS group compared with the double-conventional-plate group.
Phisitkul et al. [15] recognised the inaccurate fracture reduction before plate application as a aggravating factor for the high percentage of postoperative malalignment. Additionally, they emphasised the disadvantage of the LISS system regarding lack of screw-length options and concluded that the fixed angle of the screw direction limits the capability of enhancing fixation to the medial cortex or medial subchondral bone without the risk of joint penetration. Gosling et al. [16] additionally stressed the importance of the surgeon's experience in the locking-plate technique, especially when combined with the MIPO technique.
In this study, the POLYAX proximal tibial plate, made of TiMAX titanium alloy (DePuy) was used in all patients. In this implant, locking screws can be positioned at customised angles best suited to each patient's anatomy. This is the main advantage of this new implant design. As a result, screws can be angled cephalad or caudal to achieve optimal positioning in the tibial metaphysis in areas with good bone stock. Additionally, the danger of penetrating into the knee joint is minimal. However, a polyaxial screw has less resistance to bending forces than a fixed locking screw. This is because polyaxial plates rely on an additional interface between the plate and screw head in a way that overall stability depends on friction from hoop stresses rather than from threads. More specifically, the new polyaxial plate uses a threaded expanding bushing contained in the head of the plate. The bushing can angulate within the plate, allowing screw positioning in different angles. When the screw head is fully seated in the bushing, it exerts a hoop stress that causes friction between the bushing and the plate. Results of this study showed that this friction, even though biomechanically inferior to the fixed locking screw, was adequate to maintain stable osteosynthesis.
The vast majority of fractures (94.5%) in this patient series progressed to union. These results are in accordance with previously published reports using fixed-angle locking devices [18] . Moreover, complications occurred in only three patients (5.5%). The very low complications rate, especially in terms of infection, malunion and nonunion can be attributed to the effectiveness of the implant used and to the fact that very experienced surgeons performed the procedures. From the 27 41-C fractures, only 11 were treated with the double-plating technique. Previous studies have shown that treatment of bicondylar proximal tibial fractures with one single lateral locking plate can result in postoperative loss of reduction in a high percentage of patients. The traditional lateral-plating systems offers little resistance to varus deformity, thus adjuvant medial neutralisation plating has been advocated to increase stability in fracture patterns with metaphyseal comminution. Gosling et al. [16] , in a multicentre study, reported 23% postoperative malalignment and 14% loss of alignment when high-energy bicondylar proximal tibia fractures where treated with laterally placed LISS plate only. Phisitkul et al. [15] reported immediate postoperative and delayed loss of alignment in 22% and 8% of cases, respectively, when lateral LISS plate was used in similar fractures. Egol et al. [19] published a laboratory study comparing dual plating with a single lateral LISS plate. After cyclical loading, they showed a significant difference in inferior displacement of the medial fragment, with an average of 9.6 mm for the LISS group compared with 4.9 mm for the dual-plating group (p=0.05). Similar results yielded by Ratcliff et al. [20] with their cadaveric biomechanical study show that in the setting of a vertically oriented fracture in a medial tibial plateau without comminution, the medial buttress plate provides significantly greater stability in static loading and improved stability with cyclic loading in comparison with a single lateral locking-plate stabilisation . In our series, only two patients had lateral collapse >10°. The first patient was treated with double plating and developed deep sepsis and nonunion. The second patient's fracture failed to unite, and a secondary collapse of the fracture occurred. There was no evidence of varus collapse as a result of polyaxial screw failure in any patient. These positive results are indicative of the biomechanical advantages that the new polyaxial implant can offer. We used primary bone grafting in 45% of patients. In other series, this percentage ranges between 57% and 100% [21, 22] . The mean Knee Society Score and functional score in this study were 91 and 89 points, respectively. These numbers include all patients, irrespective of the fracture pattern and severity of the injury and are comparable with previously published series using locking [23] or conventional plates [24] .
We are aware of the limitations of this study. Patients were treated in two different trauma centres. Additionally, patients with multiple fracture patterns, open and closed fractures and single lateral-and bilateral-plate osteosynthesis were included. Inevitably, this makes it difficult to draw definitive conclusions. The relative small number of patients is another drawback. Additionally, there are studies that support the view that the incidence of post-traumatic degenerative osteoarthritis following intra-articular fractures of the knee tends to develop from six to eight years after injury [25] . Consequently, the follow-up period of this study is short, especially for the identification of such longterm complications. However, the objective was to evaluate the efficacy of this new device.
In conclusion, the POLYAX plate system provided stable fixation in this series of patients with proximal tibial fractures. The overall complication rate was low, and the functional outcome satisfactory in the mean follow-up time of 14 months. We found 94.5% of simple and complex fractures progressed to union, and the deep infection rate was 3.3%. However, the fixation technique is demanding, and the surgeon needs considerable experience with locking-plate techniques and especially in percutaneous techniques. Further prospective, randomised studies are desirable to confirm our findings and to eventually draw safer conclusions.
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